Historical charcoal production can have significant effects on soil properties. We studied soils at former charcoal production sites (relict charcoal hearths, RCHs) and compared these soils with undisturbed soil next to the charcoal hearths and four typical soils on similar parent material located at distances between 10 and 70 km from the RCHs. In a landscape typical of the northern German lowland, we found Podsolige Braunerde [WRB: Brunic Arenosols (Protospodic)] outside of the RCHs and soils with a clearly different stratigraphy within the RCHs. The main feature of the soils at both of the studied RCHs is a heterogeneous, charcoal-bearing deposit that is ∼30 cm thick. No indications of translocation or mineral transformation processes, which form distinct soil horizons after the deposition of anthropogenic material on the RCHs, are present. Except for the differences in color and total carbon content, the soil chemistry of the RCHs hardly differs from that of the soil outside of the charcoal hearth sites. The soil colors and magnetic susceptibility values strongly suggest that the RCH substrates and the underlying topsoil were affected by thermally induced transformation of iron (hydr-)oxides. Although the charring procedure normally requires ∼2 weeks, the heating effect only reaches to a maximum depth of 8 cm into the buried soil below the charcoal hearths. The presence of reddish soil and an abrupt increase in magnetic susceptibility in the upper 2 cm of the soil below the charcoal hearths indicate the heat-induced transformation of iron (hydr-)oxides into maghemite. Brighter soil color and an increase in soil organic matter (SOM) in the lower parts of the buried topsoil demonstrate the combustion of SOM up to 5 cm depth below the RCH. According to the German Guidelines for Soil Mapping, the soils in the RCHs are classified as Regosols above Braunerde [WRB: Spolic Technosols (Arenic)]. However, because the anthropogenic features of these soil sediments are disregarded in the German Guidelines for Soil Mapping, we suggest adapting the "M" horizon to permit a jM horizon. Thus, the soils in the RCHs could be classified as Kolluviale Braunerde.
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INTRODUCTION
Although the traditional production of charcoal in upright circular hearths ("Platzmeiler"; Groenewoudt, 2007) or modern brick-built kilns still plays an important role in the local economies of some parts of Africa and Asia (Chidumayo and Gumbo, 2013; Bolognesi et al., 2015) , charcoal production for industrial processes is no longer economically relevant in industrial countries. From prehistoric times until the nineteenth century, the charring of wood in charcoal hearths was the base for metallurgic processes in Europe (Groenewoudt, 2007; Pèlachs et al., 2009 ). The demand for charcoal for metal production peaked from the thirteenth to nineteenth centuries in Europe (Pèlachs et al., 2009; Deforce et al., 2013; Knapp et al., 2015; Carrari et al., 2017; Criscuoli et al., 2017; Dupin et al., 2017; Krebs et al., 2017; Schmidt and Levy, 2017) and in the middle of the nineteenth century in North America (Mikan and Abrams, 1995; Straka, 2014; Raab T. et al., 2017) . The production and use of wood charcoal ceased with the growing use of coal in North America and Europe in the mid-nineteenth century (Pasmore, 1964; Raab et al., 2015; Raab T. et al., 2017) . Charcoal burning was a common handcraft and was often performed as a decentralized business in woodlands close to industrial sites with high energy demands, such as ironworks Raab A. et al., in press ). Logs were gathered by felling trees in the immediate vicinity of future charcoal hearth sites, where colliers prepared platforms to stack the logs for charring. On hillslopes, the platforms were built on man-made terraces. These platforms were typically ∼8-10 m in diameter and were often used repeatedly (Knapp et al., 2015) . In contrast, in regions with flat topography platforms could have been larger, with diameters of up to 30 m (Rösler et al., 2012; Raab et al., 2015) . Depending on the size of the charcoal hearth, the pyrolysis process required up to 20 days. After cooling, the hearth was opened and the charcoal was raked out for harvesting. Typically, the residues of the charring process, such as small charcoal pieces, ash, and the material used to seal the charcoal hearth and burnt soil, remained on the platform and formed a new layer covering the former surface (Kemper, 1941; Bond, 2007; von Kortzfleisch, 2008) .
From a pedological view, this layer associated with relict charcoal hearths (RCHs) can best be described as a technogenic or anthropogenic sedimentary deposit. The properties of this layer are fundamentally controlled by the effects of charring on the mineral and organic matter in the soil and the loose structure of the deposit. For instance, Borchard et al. (2014) reported that the substrates of RCHs have a lower bulk density than the topsoils outside of charcoal hearths. Mastrolonardo et al. (2018) recently reported that RCHs contribute up to 4.2 % carbon to the carbon stock in a Mediterranean forest. Furthermore, the soil below the wood stack is affected by heat during the pyrolysis process. Heat directly and indirectly influences the chemical, biological, mineralogical and physical properties of the soil (Certini, 2005; Mataix-Solera et al., 2011) . Recent studies on plants growing on RCHs and pot experiments with RCH substrates suggest that the substrate influences vegetation via soilplant interactions (Carrari et al., 2016; Criscuoli et al., 2017) , while earlier studies found no indications for any long-lasting effects for plant growth on RCHs despite more favorable soil conditions (Borchard et al., 2014) . Although studies from North America and Europe report thousands of RCHs in modern forest ecosystems (Hesse, 2013; Johnson et al., 2015; Schmidt et al., 2016) and very high site densities (Raab A. et al., in press) , questions remain regarding the classification of RCH soils, the effects of burning on soil properties and the subsequent pedogenesis. For instance, these soils are characterized by translocated soil material with further amendments, are mostly ignored in the German Guidelines for Soil Mapping (Ad-hoc-AG Boden, 2005) , despite the wide distribution of RCHs in Germany. Hence, following the pedogenic approach of the German Soil Taxonomy, we aim to explore the main soil-forming processes in charcoal hearth soils by (i) characterizing the influence of burning on the inorganic and organic soil materials (hereinafter termed as "substrate") of RCHs, (ii) describing the characteristic features and properties of the associated soil horizons and (iii) discussing the classification according to the current German Guidelines for Soil Mapping. For this purpose, we combine a pedological survey with analyses of micromorphology and soil chemistry in a type region of historic charcoal production in South Brandenburg. We studied soils on two representative RCHs and compared these findings with the soil next to the RCHs and four typical soils on similar parent material located at distances between 10 and 70 km.
METHODS

Study Site and Fieldwork
We focus on two charcoal hearth sites (RCH 970 and RCH 1089) located ∼10 km east of the city of Peitz, Brandenburg, Germany (Figure 1a) , where active open-cast lignite mining has prompted systematic, large-scale archeological excavations. In this area of a former historic forest district, archeological excavations (Rösler et al., 2012) in combination with GIS analyses Raab A. et al., in press) have revealed the remains of more than 1200 RCHs that supplied charcoal to the historical ironworks in Peitz and other forest districts from the mid-sixteenth to the mid-nineteenth centuries (Müller, 2017) . Although, the size and shape of the RCHs at the study site can vary slightly to some extent (Rösler et al., 2012) , our two selected RCHs feature a characteristic architecture and soil stratigraphy. Thus, our studied RCHs are representative for the study site, and also for RCHs on flatland in Poland or Belgium (Hardy et al., 2016; Rutkiewicz et al., 2017) . Dendrochronological analyses on charcoal residues from RCH 970 revealed that this charcoal hearth was constructed from trees that were felled from 1711 to 1721 (Raab A. et al., in press ). Thus, the RCH 970 was abandoned ∼300 years ago. The RCHs are round platforms surrounded by shallow ditches. The remains of the charring process form mounds that are ∼30 cm thick on the platforms and partly fill the ditches (Figure 1b) . The ditches around the platforms have outer diameters of between 4 and 30 m, and most of the sites were used only once. The colliers mainly used Scots pine (Pinus sylvestris L.) for charring, as this was and still is the dominant tree species in the study area. The soil parent material of the study site is sandy glaciofluvial sediment deposited during the Weichselian glaciation (Lippstreu et al., 2003) . Brunification and podzolization are the dominant pedogenic processes in this sandy substrate (Bauriegel et al., 2015) .
Our study site is situated in the forefield of the active lignite mine Jänschwalde. Before the area was logged and earthworks were conducted in preparation for mining, the study sites were cordoned off to prevent disturbances of the soil profiles by heavy machinery. The soil mapping and sampling were performed in north-south-oriented trenches passing through the centers of RCH 970 (soil profile RCH 970 in ) and RCH 1089 (soil profile RCH 1089 in ). To map the soil outside of the RCHs, another soil pit, RCH1089 out , which is located ∼20 m NE of RCH 1089, was studied. The soils were described and classified according to the German Guidelines for Soil Mapping (Ad-hoc-AG Boden, 2005) and were also classified according to the WRB (IUSS Working Group WRB, 2014) . Bulk samples were taken from each mineral horizon in the three studied soil profiles. No samples were taken from the organic horizons (L/Of/Oh). Additional sampling was performed at RCH 970 in from the topsoil to a depth of 112 cm with a high vertical resolution (5-7 cm) for ex situ measurements of magnetic susceptibility and elemental analysis via X-ray fluorescence.
Soil Analysis
Laboratory analyses were performed on air-dried and sieved (<2 mm) samples. Soil colors were assessed using a Munsell soil color chart (Munsell, 2009) . Granulometry was performed via a combination of wet sieving and pipetting with 40-g sample aliquots and without H 2 O 2 pretreatment (Deutsches Institut für Normung e.V., 2002). Soil pH was determined potentiometrically at the ratio of 1:2.5 in a 0.01 M CaCl 2 solution. Phosphorus was extracted in a parallel fashion with calcium-acetate-lactate (P CAL ) (VDLUFA, 2012) on 5 g of soil and measured using an ICP-OES (Thermo Fisher Scientific, ICAP, 6300 Duo).
The total carbon (C), nitrogen (N) and sulfur (S) concentrations were analyzed by gas chromatography on ground aliquots via high-temperature heating in an Elementar VARIO EL cube analyzer (Deutsches Institut für Normung e. V., 1996, 1998) . The total Fe, Mn, Ca, K, and Pb concentrations were measured on aliquots via X-ray fluorescence with a Niton XLT3 analyzer. Magnetic susceptibility was determined ex situ using a Bartington MS3 magnetic susceptibility meter and a MS2B dualfrequency sensor in 10-ml flasks by measuring the susceptibility at 460 Hz. We measured the volumetric magnetic susceptibility (χ v , in SI) and calculated the mass magnetic susceptibility (χ mass , in SI) by noting the bulk density of each sample prior to the measurement. Undisturbed soil samples were collected in Kubiëna tins for thin section preparation. The thin sections of air-dried samples were prepared via impregnation with resin and subsequent cutting and grinding to 25 µm, following Beckmann (1997) . The micromorphology was described according to Stoops (2003) .
The soil data for the four soil profiles (Tauer, Crinitz, Schmogrow-Fehrow, and Finsterwalde) used for the comparison were kindly provided by the Geological State Service of Brandenburg. All of the analyses were performed using the same standard methods; however, a PW2400 PANalytical was used to perform the X-ray fluorescence measurements.
RESULTS
Natural Soil Formation
The dominating pedogenic processes in the sandy deposits of the study site are brunification and podzolization. The soil outside of the RCHs is a Podsolige Braunerde [WRB: Brunic Arenosol (Protospodic), Figure 2a ] and the grain-size distribution of this soil is dominated by sand ( Table 1) . At a depth of 50 cm, the presence of ventifacts indicate periglacial processes and classifies the sediment as a coversand, which is a typical facies in the Northern German lowland (Kasse, 2002) and a widespread and characteristic deposit in our study area ( Tables 1, 2) . The coversand has a thickness of 80 cm, and the texture is dominated by coarse and medium sand. The glaciofluvial deposits below are characterized by distinctively higher contents of gravel (20-200 mm) . The topsoil has a brownto-pale brown color and contains 10.9 g kg −1 C (Table 1) . Hence, the topsoil's C concentration is characteristic of soils developed in the sandy substrate and under the dry and continental climate of Lower Lusatia in South Brandenburg ( Table 2) . The uppermost 9 cm of the topsoil are characterized by podzolic bleaching (Figure 2a , Table 1 ), but the eluvial horizon shows features of intermixing due to modern forest plowing or earlier prehistoric plowing (Schneider et al., 2016) . In two of the four reference profiles (Table 2) , the Pb concentration is slightly higher in the uppermost part of the topsoil of RCH 1089 out than in the horizons below ( Table 1) . We associate this higher Pb concentration with the eolian deposition of air pollutants during the last decades.
Although an illuvial horizon could not be identified during the field survey, the striking increase in the total Fe concentration to 8,828 mg kg −1 at depths between 18 and 32 cm indicates the translocation of Fe by podzolization. Furthermore, the micromorphological study of the thin sections from RCH 970 in at that depth reveal the presence of yellowish iron oxide precipitates. This initial podzolization with the lack of an illuvial horizon is a characteristic feature of the soil development on the sandy substrates in Lower Lusatia ( Table 2) . Although the total Fe concentrations of the Bv-horizons of the soil profiles at Tauer and Schmogrow-Fehrow are remarkably higher than in the overlying horizons (Table 2) , no morphological features of a Bs-horizon could be identified during the soil mapping. The total Fe concentration in these quartz-rich sediments are generally low and range between 2,300 and 4,300 mg kg −1 in the topsoil and subsoil, only exceeding 7,249 mg kg −1 in the Bshorizon at Crinitz. The χ mass of the non-fire affected topsoil at RCH 1089 out ranges between 149 and 257 χ mass 10 −9 m 3 kg −1 ( Table 1 ). The χ mass of the non-fire affected substrate decreases with depth. Some outliers have been associated with magnetic minerals originating from the deposition of the sediment, such as in the parent material between 50 and 60 cm (RCH 970 in :
χ mass 254 10 −9 m 3 kg −1 , Table 1 ), or pedogenic processes, such as in the redoximorphic horizons (rGo-horizon at RCH 1089 out :
χ mass 106 10 −9 m 3 kg −1 , and rGo-horizon: χ mass 26 10 −9 m 3 kg −1 ).
Soils on the Relict Charcoal Hearths
The studied hearths RCH 970 and RCH 1089 feature the characteristic architecture of RCHs on flatland, and 50-cm-wide ditches are present around the platforms (Figure 1b) . At both sites, the remaining substrate layers of the RCHs have a thickness of ∼30 cm (Figures 2b,c) . The charcoal-bearing substrates of RCH 970 in and RCH 1089 in have a very dark gray-to-grayish brown color (Table 1) , and their C concentrations range from 11.9 to 42.9 g kg −1 . Although we cannot differentiate between soil organic matter (SOM) and pyrogenic organic matter (PyOM; Knicker, 2011) , the total C concentrations clearly differ between the soil outside of the RCHs and the RCHs' topsoils. The topsoils within the charcoal hearths (RCH 970 in : very dark gray and RCH 1089 in : dark grayish brown) contain approximately twice as much C T (23.0 g kg −1 , on average) as is present in the topsoil outside of the hearth sites (RCH 1089 out , brown), resulting in a strikingly darker color in the RCH topsoils because of their PyOM content (Eckmeier et al., 2007) . Due to the enrichment in SOM, the uppermost 5 cm at RCH 1089 in has a C concentration of 24.8 g kg −1 ; while at a depth of 21 cm, the C concentration decreases to 11.9 g kg −1 . At the base of the RCH substrate (sample RCH 1089 in in Table 1 ), the C concentration strikingly increases to 42.90 g kg −1 . The N concentration of both RCHs is ∼0.5 g kg −1 , similar to RCH 1089 out (Table 1 ) and the four reference soils (Table 2) ; the N concentration is higher (0.9 g kg −1 ) only at the base of RCH 1089 in . We associate this increase with the input of young SOM from the roots. Remarkably, the S concentration (0.8-1.9 g kg −1 ) of RCH 1089 in is considerably greater than that of the topsoil at RCH 1089 out or at RCH 970 in . The total concentrations of Ca, Mn and K are in the same range and have depth distributions that are similar to those of the soils outside of the RCHs (Tables 1, 2) . A sharp boundary separates the dark, carbon-rich substrates of the RCHs and the carbon-poor II fAh (Figures 2b,c) . Due to the presence of black monomorphic organic matter and charred wood fragments in the substrates of the RCH, the striking boundary between the two substrates is also clearly visible in the thin sections. Textural features, such as the layering or orientation of sand grains, that might indicate truncation of the buried topsoil, were not detected at the boundaries between the RCHs and the II fAh or in other parts of the RCHs. The substrates of the RCHs are loose and contain scattered charred wood (Figure 3a) that ranges in size from stems to submicroscopic (<20 µm). Furthermore, during the archeological excavations, black tarry chunks that are up to 10 cm in size (Figure 3b , termed "Brandschurf " in German; von Berg, 1860) were frequently found in the ditch surrounding the charcoal hearth platform. Moreover, the micromorphologic analysis also reveals that the sand grains found in the RCH substrate within RCH970 in are partly cemented together into small aggregates by tarry material (Figures 4a-d) . Under the microscope, the tarry material adhering to the sand grains is opaque under transmitted light and has a dull black color under incident light (Figures 4b,c) . These tarlike compounds are byproducts of the charring of fresh and highly resinous wood at ∼450 • C (Braadbaart and Poole, 2008) . The buried topsoils in the centers of both RCHs display a three-part appearance (Figures 2, 7) . The upper 2 cm of the preserved topsoil (28-30 cm) has a reddish luster (Table 1) , the substrate below is light yellowish brown and the soil at the base of the II fAh horizon has a pale brown color, similar to that of the topsoils seen in the soils outside. The micromorphology of the II fAh horizon between 28 and 33 cm is characterized by the presence of few charcoal fragments, recent roots, and sclerotia. Similar to the recent topsoil outside of the RCH, the II fAh has a granular structure (Figures 4e,f) . Between 33 and 35 cm, the amount of charcoal fragments increases, and fungal hyphae and monomorphic organic matter are additionally present. The C concentrations of the buried topsoil at RCH 1089 in (23-31 cm: 4.50 g kg −1 ) and RCH 970 in (28-40 cm: 3.98 to 4.94 g kg −1 ) are lower than those in the recent topsoil at RCH 1089 out (0-18 cm: 10.90 g kg −1 ).
The soil pH in the Ah horizons ranges from pH 3.5-3.8 in the uppermost part of both studied RCHs and ranges from pH 4.0-4.3 in the lower horizons ( Table 1) . The substrates below both RCHs represented by their Bv horizons have slightly higher pH values (4.5-4.8). At both sites, the magnetic susceptibility is greater in the substrate of the RCHs (χ v : 720 to 1,702 10 −6 and χ mass : 461 to 1,074 10 −9 m 3 kg −1 , Tables 1, 3) than in the buried soil below (Figure 5 ).
Discussion-Impact of Charcoal Production on Soil Stratigraphy and Soil Properties
Although soils on the RCHs notably differ to the soils in their surroundings by soil stratigraphy and SOM concentrations, soil acidity is very similar between the RCHs and the topsoils outside. Similar pH values ranging from 3.8 to 4.1 have been reported for RCHs in the Siegerland (Borchard et al., 2014) . The soil acidity in hearth substrates is close to neutral only on active or very young charcoal hearths (Hardy et al., 2016) . Hence, a liming effect associated with the formation of CaCO 3 through the heating of plant material containing calcium oxalate (Graustein et al., 1977; Knicker, 2011) is probably not anymore discernible on our studied sites because of the age of the RCHs.
Although the RCH substrates contain dark areas with high charcoal contents as well as grayish sandy areas, we attribute this heterogeneous color of the RCHs to the complex formation of the substrates rather than pedogenic processes such as post-burn podzolization, considering the weak podzolization of the soil outside of the charcoal hearths. While the soil pH range of the RCHs favors podzolization, so far no illuvial features are identifiable in the thin sections of the RCH substrates or the substrates below the charcoal hearths. Also the total Fe concentration of the RCH sites also does not indicate podzolization-induced Fe translocation yet. Whereas podzolization in sandy substrate is notably by an enrichment of Fe in the subsoil after roughly 300 years (Burt and Alexander, 1996; Barrett, 2001) , we attribute the lack of podzolization features on the RCHs so far to less annual precipitation than needed to cause podsolization within 300 years. Also, the reported lower bulk density of the RCHs substrate caused by the presence of SOM may retard podsolization by preventing the percolation of acidic soil solutions due to a higher water holding capacity of the SOM.
During the granulometric analysis, the dispersed topsoil samples from RCH 970 in and RCH 1089 in retained an intense black and opaque color in the sedimentation cylinders, even after they were allowed to settle for 1 day. The content of fine charcoal particles is not distinguishable and determinable via the standard granulometric method because the density of pine charcoal (true density: 1.38-1.46 g cm −3 , apparent density: 0.28 g cm −3 ; Brocksiepe, 2000) is lower than the assumed density of 2.65 g cm −3 used in the calculation of the sedimentation time, and because the ratio of the organic fraction to the mineral fraction is very low. Hence, these observations strongly indicate that RCHs contain a high content of fine textured PyOM that needs to be considered in future studies due to high surface of small particles and their importance for pedological processes. Furthermore, the topsoil of RCH 1089 in has a higher sand content than the topsoil outside of the charcoal hearth (Table 1) , which is reasonable because allochthonous material from the vicinity or the ditch surrounding the platform, presumably turf or material from B or C horizons, was usually used to cover and seal the wood stack prior to and during its operation. Furthermore, the royal Prussian order regulating forest logging and charcoal burning (Friedrich, 1779) advised the colliers to prevent any flaring of tar from the base of the charcoal hearth by throwing sand on the extinguished and uncovered charcoal hearth. The wet sieving of the coarse sand fraction of RCH 1089 in (13-21 cm) reveals a notable amount of charred woody residues documenting an increasing charcoal concentration with depth. Charcoal contents increasing with depth in RCHs were also reported from Germany in the Black Forest and the Harz Mountains (Knapp et al., 2013; Quednau and Ludemann, 2017) . These residues suggest that organic matter fell through the wood pile during the operation of the charcoal hearth and accumulated at its base or that ground vegetation or litter that had not been removed during the preparation of the hearth site became charred in situ. This again agrees well with the royal Prussian order regulating forest logging and charcoal burning. Friedrich (1779) ordered that the ground vegetation should not be removed at sandy sites because the charcoal pile would become unstable ( § 3: "[. . . ] so muß der Köhler sich nach der Beschaffenheit jenes Ortes zu helfen suchen, und den auf diesem Sandboden befindlichen Rasen nicht abräumen, indem sich sonst das aufgesetzte Kohlenholz durch seine eigene Schwere eindrücken und auf einen Fuß tief nicht verkohlen würde."). Furthermore, in our north-south running trench, the lower half of the recent topsoil outside of RCH 1089 out can be traced and connected with the buried topsoil under the charcoal hearth; the only interruption is the ditch surrounding FIGURE 4 | Micrographs of a sample collected at a depth of 8 cm in the jAh horizon in RCH 970 in made with (a) parallel; (b) oblique incident light. These micrographs show iron oxides (red arrows), charred wood (yellow arrows), and tar-like cements (green arrows). Micrographs from a specimen of massive sand with a diameter of 8 cm cemented with a tarlike substance taken from the ditch at RCH 970 under (c) linear polarization and (d) oblique incident light; (e) topsoil outside of RCH 970 and (f) from the II fAh with granular structure.
the RCH (Figures 2d,e) . Therefore, the lack of site preparations at our studied RCHs due to the flatland together with the sandy soil might be a main contributor to differences with to RCHs in mid-mountain ranges, where there has been remarkable site preparation (Raab T. et al., 2017) .
The contact zone that developed in the buried topsoil below the RCH substrate (Figures 2c, 7) is reddish in color, but this reddening is not continuous (Figures 2d,e) . Either the conditions necessary for the formation of the reddish contact zone were not fulfilled, or the area was destroyed during the harvesting of the charcoal. The reddish color contradicts a podzolic illuvial genesis because Bs-horizons are dominated by goethite (Campbell and Schwertmann, 1984) and therefore have a yellowish color. Furthermore, illuvial horizons, which are discernible by color, were not found outside of the RCHs in the field survey. The grains in the thin sections taken from the RCH substrates and from the contact zone between the charcoal hearth and the underlying soil have a red luster. The sand in the RCH substrates is primarily quartz, but some of the non-quartz mineral grains in the sand and silt fractions and in the clay adhering to the sand grains display a reddish luster. This reddening is accompanied by higher χ mass in the RCH substrates and in a 2-cm-thick contact zone in the underlying buried soil (at a depth of 30 cm, Figure 5 ). The different soil colors that are noted in the buried topsoils can be explained by thermally induced changes in soil properties. The reddish substrate in the upper 2 cm has a χ mass of 452 10 −9 m 3 kg −1 (Figure 5) . However, in the light yellowish substrate below this depth, χ mass decreases to 134-216 10 −9 m 3 kg −1 . Thus, the soil color and the magnetic susceptibility measurements demonstrate that the transfer of heat into the mineral soil below the hearth during the charring process causes thermally induced recrystallization of iron (hydr-)oxides. Dupin et al. (2017) reported an χ v between 600 and 1,100 10 −6 for the RCH substrate from France; hence, the substrates of our studied RCHs have a similar range for their χ v (χ v : 720-1,702 10 −6 and χ mass : 461-1,074 10 −9 m 3 kg −1 , Tables 1, 3) . Dupin et al. (2017) concluded that charcoal burning caused a doubling of χ v over that observed in the non-fire affected substrate. However, the non-fire affected substrate in their study has a much higher χ v (350-550 10 −6 ), whereas the non-fire affected substrate at our sites has a lower χ v (<100-550 10 −6 ). Heat-induced reddening is caused by the dehydroxylation of iron hydroxides, which induces their direct recrystallization to hematite, although lepidocrocite transitions to maghemite in an intermediate phase (Cornell and Schwertmann, 2003) . Depending on its degree of crystallinity, the recrystallization of goethite to hematite starts at a temperature of ∼260 • C (Schwertmann, 1984) , that of lepidocrocite to maghemite starts above 200 • C, and that of maghemite to hematite begins within a range from 370 to 600 • C (Cornell and Schwertmann, 2003) (Figure 6 ). Temperatures within a charcoal hearth during the charring process range from 350 to 600 • C, but higher temperatures can be reached locally near the chimney (up to 750 • C) or when leakages occur (up to 1,100 • C) (Powell et al., 2012) . Although the heat from the charring varies during the operation of charcoal hearths (Hollingdale et al., 1991) , a temperature of ∼550 • C is maintained in charcoal hearths for at least several days, depending on the size of the hearth (Powell et al., 2012) . The measurement of magnetic susceptibility can reveal the presence of the ferrimagnetic iron oxides maghemite and/or magnetite in RCH substrates ( Figure 5 ) because magnetite and maghemite (480 and 380 kA m −1 ) can achieve a higher saturation magnetization than goethite and hematite (2 and 2.5 kA m −1 ) (Evans and Heller, 2003) . In the presence of organic matter, goethite transforms to maghemite at temperatures between 370 and 600 • C (Schwertmann, 1985) , and experimental approaches have demonstrated the presence of maghemite in fire-affected topsoils 16 h after burning (Nornberg et al., 2009) . However, the post-burn formation of maghemite or magnetite in our studied profiles by microbial processes cannot be excluded (Maher, 1998) . In addition, during the charring process, the iron-bearing minerals within charcoal hearths experience a reducing environment in the presence of carbon monoxide. The formation of metallic iron from iron hydroxides in association with carbon monoxide occurs after dehydration at temperatures below 300 • C (Jozwiak et al., 2007) . Hematite can be transformed to metallic iron in this reducing environment. Hence, the chemical environment in the charcoal hearth favors the formation of metallic iron from iron oxides and iron hydroxides. This finding is supported by comparisons between (pre-)historic hearth remains and reconstructed experimental fires in which a change in soil color directly below the hearth was detected and associated with post-fire pedogenic processes (Liedgren et al., 2017) . Consequently, because a temperature of 350 • C is necessary to reset the optically stimulated luminescence (OSL) signal from quartz grains in the substrate of the hearth, the heat resulting from the operation of the charcoal hearth should be high enough to allow a successful dating of the RCH site by OSL (Armitage and King, 2013) . Hence, the dating of the RCH operation by OSL might be a possibility in the absence of large enough charcoal pieces for dendrochronology or if radiocarbon dating is limited due to the 14 C-plateau. However, these thermally induced changes in soil properties are restricted to a 2-cm-thick contact zone at a profile depth of 28-30 cm. Below this zone, in the underlying few centimeters of the profile and at depths of 30-33 cm, the temperature was too low to transform the iron(hydr-)oxides; however, it was sufficiently high to cause the combustion of SOM, as indicated by the lighter color. No indication of the combustion of SOM was found below a depth of 33 cm. The combustion of SOM depends on its chemical structure and begins at 210 • C. At 450 • C, almost all SOM is combusted (Giovannini and Lucchesi, 1997) . In a sandy-loamy topsoil beneath a fireplace described by Fenn et al. (1976) , ∼88 % of the SOM in the uppermost 2.5 cm of the soil was combusted, whereas only 45 % of the SOM from 2.5 to 7.5 cm was combusted. Experimental studies of heat transfer from fires into the underlying soils have shown that pore spaces act as a heat shield (Aldeias et al., 2016) . Furthermore, ash and organic matter can also reduce the transfer of heat from fires into soils. When a sandy soil overlain by a 2-cm-thick layer of ash is heated, a surface temperature of 600 • C results in temperatures of ∼400 • C at a depth of 2 cm and ∼220 • C at a depth of 6 cm (Aldeias et al., 2016) . Moreover, the presence of soil moisture below an active charcoal hearth hampers the transfer of heat into the soil (Powell et al., 2012; Brodard et al., 2016) . We attribute the lack of SOM in the II fAh horizon between 30 and 33 cm depth to in situ combustion related to the heat of the pyrolysis occurring in the charcoal hearth above. Our micromorphological analysis shows no signs of the translocation of charred SOM from the charcoal hearths to the II fAh horizons like that reported for forest fires or fireplaces (Fenn et al., 1976; Gebhardt, 2007) . The II fAh horizons contain mainly amorphous SOM, as well as some charred plant fragments, but the SOM and pyrogenic organic matter are evenly distributed in the fine soil. Additionally, no enrichment in SOM or pyrogenic organic matter is detectable in previously identified accumulation zones, such as those near the contact points between sand grains.
Synthesis: Soil Formation, Soil Properties, and Their Relation to Soil Classification Systems
The architecture of the RCH, the soil stratigraphy outside of the RCH, and our laboratory analysis suggest that the colliers FIGURE 6 | Heat-induced transformation of iron(hydr-)oxides in soil environments, magnetism and saturation magnetization compiled from Schwertmann (1984 Schwertmann ( , 1985 and Cornell and Schwertmann (2003) .
placed the wood stock atop an undisturbed soil profile without mechanical preparation of the site with spades or hoes. During the operation of the charcoal hearth, the topsoil below was affected by the heat from pyrolysis, causing an alteration in the minerals and a combustion of the SOM. The magnetic susceptibility of the RCH is higher than that in the non-fire affected substrate below, and the reddish color of the substrate suggests a thermal alteration on the contact zone between the RCH and the soil below. Because the RCHs in our study area were in use between the mid-sixteenth and the midnineteenth centuries, the dendrochronological dating of the charcoal suggested that 1721 was the year of operation for RCH 970 (Raab A. et al., in press) , and no indications for a later reuse were found, the maximum time during which soil formation occurred on RCH 970 is ca. 300 years.
The soils within both RCHs can be classified according to the German Guidelines for Soil Mapping as Regosol above Braunerde (jAh/jilC/II fAh/II Bv). However, the anthropogenic origins and the inherited and new chemical and physical characteristics of these soil sediments (jilC) are ignored in this classification. In an earlier (3rd) edition of the German Guidelines for Soil Mapping (Boden, 1982) , "jY" was used to classify anthropogenic non-erosive relocated natural substrates, but this category was abandoned in later editions. Because "Y" is now used to indicate soil horizons formed by reductive gases, we suggest adapting the "M" horizon of the German Guidelines for Soil Mapping to allow a jM horizon. The implementation of a jM horizon would consider the anthropogenic raised charcoal content and indicate the anthropogenic nature (non-erosive translocated soil substrate) of this sediment. Thus, the soils within the RCHs would be classified as a Kolluviale Braunerde because the jM horizon is <40 cm thick. According to the WRB, which includes anthropogenic soil classifications, the soils on our studied charcoal hearths are classified as Spolic Technosols (Arenic) because the diagnostic criteria of >20 vol. % for artifacts is fulfilled by the low apparent density of the charcoal. Furthermore, the presence of anthropogenic charcoal allows the identification of a pretic horizon (IUSS Working Group WRB, 2014) . However, because the substrate of the RCHs contains less than the required FIGURE 7 | Pedostratigraphy and influence of pyrolysis on the topmost few cm of the buried topsoil at RCH 970 in . The photo on the left is a detail of the profile shown in Figure 2c . P CAL of 30 mg kg −1 (Table 1) , the diagnostic criteria for the pretic horizon is nowhere near fulfilled for RCH 1089 in (P CAL : 3.75-4.95 mg kg −1 ) and RCH 970 in (P CAL : 11.64-12.95 mg kg −1 ). When phosphorus is extracted with Mehlich 1 (IUSS Working Group WRB, 2014) instead of CAL, the extractable phosphorus concentrations might have been slightly higher (Mylavarapu et al., 2002; Wuenscher et al., 2015) . A classification of our two studied RCHs as Anthrosols analogs to the so-called "Terra Preta de Indio" (Glaser et al., 2000) fails to meet the diagnostic criteria of the WRB for Anthrosols. Hence, the presence of industrialscale produced charcoal classifies the charcoal hearth soils as Technosols.
CONCLUSIONS
The architecture of our studied RCH sites indicates that due to the flatland topography together with a sandy soil, the operation of the RCH clearly differs from that in the mid-mountain ranges, where on slopes remarkable platform preparation and material movements has taken place.
Although the stratigraphy and the coloration of the RCH soils suggest the development of pedogenic horizons, we found no indication of pedogenic translocation or transformation processes besides the enrichment of PyOM in the substrate of the RCHs and decomposition of SOM below the RCHs by combustion. Due to the lack of data on the chemical properties of the RCH substrates immediately after the charring process, we cannot exclude the possibility that volatile compounds have been turned over and/or discharged since the operation of the RCHs and today. However, as we found no indications of the formation of pedogenic horizons, we suggest that, due to the young age of the RCHs, together with the sandy texture and the warm and temperate climate, soil development on the RCHs is still incipient. Thus, the technic character of the substrate is dominant.
Though pyrolysis occurs over the course of several days in charcoal hearths, the temperatures at which the soil mineralogy was visibly affected (∼400 • C) were limited to approximately the upper 2 cm of the soils in our study, and the combustion of SOM (which occurs at temperatures >220 • C) reached depths of ∼5 cm in the sandy soil below the charcoal hearths. Due to the heating of the substrate, it might be possible to date the RCH operation by OSL in the absence of large enough charcoal pieces for dendrochronology or if radiocarbon dating is limited due to the 14 C-plateau.
The studied charcoal hearths contain 23.0 g kg −1 C on average, approximately twice as much the studied topsoil outside of the charcoal hearths (10.9 g kg −1 ). The charcoal that is present in the RCH substrates occurs in a wide range of grain sizes, from large fragments up to two decimeters in size to particles that are finer than sand. Because the specific surface area of these charcoal pieces affects soil chemistry and soil processes, further studies are required to examine the grain-size distribution of the charred organic matter and its chemical characteristics.
Even though charcoal hearths are common and widespread in Germany, the soils at these sites are rarely considered in terms of pedology, especially on soil maps and in soil taxonomic systems. Although the German Guidelines for Soil Mapping are designed to classify soils according to pedogenetic processes, the lack of a soil class for technic substrates and the minimum horizon thickness of 40 cm required to classify a soil as a Kolluvisol considerably hinder the classification of soils developed from anthropogenic sediments, such as charcoal hearths. The classification of soils in charcoal hearths as Spolic Technosols (Arenic) according to the WRB takes into account the anthropogenic genesis and the technic character of the substrate, which clearly distinguish these soils from the surrounding soils. Therefore, we suggest restating the diagnostic criteria of the M horizon in the German Guidelines for Soil Mapping to allow the classification of SOM-rich soil sediments as jM to Kolluvisol.
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